Evidence for and against the spiroplasmal etiology of aster yellows (AY) disease is examined. A spiroplasma, serologically identical to Spiroplasma citri, was cultivated by some workers from lettuce (Lactuca sativa L.) plants claimed to be naturally infected with AY. The isolated spiroplasma was shown to be infectious by injecting Macrosteles fascifrons with the cultured organisms and then confining the injected leafhoppers on healthy plants. The reports claiming that a spiroplasma is the etiological agent of AY, however, exist only in astract form, and several essential questions still need to be answered to substantiate the claim. Evidence against the claim is based on significant differences that have been observed between the behavior of S. citri and the AY agent in the leafhoppers as well as in the plant. Also, helical organisms could not be found in AY-infected plants by either scanning or immunosorbent electron microscopy, and S. citri is serologically unrelated to the mycoplasma-like organisms found in AY-infected plants. These results strongly support the conclusion that the classical AY disease is not caused by a variant of S. citri.
were reported from one laboratory [5] , attempts by others to repeat the work were unsuccessful [6, 7] . The only organisms that were cultured turned out to be contaminant animal mycoplasmas. A critique of the issues involved has been published [8] .
Reports have recently appeared claiming that AY agent is a readily cultivable variant of Spiroplasma citri [9, 10, 111 . Other reports, however, indicate that AY agent is a nonhelical mycoplasma, which thus far has not yielded to cultivation in vitro [12, 13, 14] . Therefore, the claim that the etiological agent of AY is a spiroplasma has been questioned [15] . The controversy may have arisen because of different interpretations of the experimental results or because of claims made that were not fully substantiated. In any event, controversies in science can have a stimulating effect and may even enhance research progress if the available results are discussed objectively. Bearing this in mind, I will examine in this paper the evidence for and against the spiroplasmal etiology of AY and will present the results we have obtained, which I hope will to some extent clarify, if not resolve, the controversy. EVIDENCE FOR SPIROPLASMAL ETIOLOGY Kondo et al. [10] reported the cultivation in vitro of a sprioplasma from lettuce (Lactuca sativa L.) plants naturally infected with AY. Electron microscopic examination of the cultured microbes showed that all the organisms appeared to be helical. The spiroplasma isolate was deposited in the American Type Culture (ATCC 29747). Later, Maramorosch and Kondo [16] reported that the spiroplasma isolated earlier [10] [9, 17] . For this reason, and because the description of the organism did not meet accepted standards of the Bacteriological Code, the suggested name is not valid. Lowe and Raju [11] reported that they had also cultured the infectious agent of AY and that the cultivated organism exhibited the morphology of spiroplasmas.
Unfortunately, all of the reports claiming that spiroplasmas are the etiological agent of AY exist only in abstract form, and the data cannot be properly evaluated. Also, there is no photographic documentation of the disease symptoms produced in plants by the cultured spiroplasma.
EVIDENCE AGAINST SPIROPLASMAL ETIOLOGY Arguments against the claim that a variant of S. citri is the causal agent of AY have been presented briefly in a recent review [15] . One of these was that the scanning electron microscopy (SEM) of phloem cells of aster plants infected with AY failed to show any helical organisms [13] . Only rounded or elongated MLOs were found in the sieve elements (Fig. 1) . Maramorosch [18] , however, considered these results to be consistent with his finding that the cultured spiroplasma from lettuce plants produced predominantly rounded forms in the semi-solid agar medium and helical forms in the liquid medium. It is not clear how our SEM results [13] support this conclusion, unless a very unjustifiable assumption is made that the physiological conditions existing in the phloem cells for growth of the organism are similar to those in the agar medium. The other argument presented as evidence against the spiroplasmal etiology [15] was that several differences exist between the reported properties of S. citri and AY pathogen, such as temperature optimum and length of infectivity in vitro. This casts serious doubts on the claim that the AY agent is a variant of S. citri.
Specific and nonspecific transmission of MLOs and spiroplasmas was the subject of a recent Ph.D. thesis [12] in which it was reported that S. citri could only be transmitted at low frequency by M. fascifrons after injection with the inoculum (nonspecific transmission) but was not acquired during exposure to S. citri-infected aster. In contrast, the AY agent was transmitted efficiently to test plants (nearly 100 percent) by the leafhoppers after both natural acquisition and injection (specific transmission). However, this does not rule out the possibility that some variants of S. citri may be transmitted by M. fascifrons after feeding on infected plants. Regardless, the foliar symptoms in plants infected with S. citri, although superficially similar in some respects to those produced by AY, were readily distinguishable. Flowers of S. citri-infected plants, if produced, were reduced in size but showed no trace of virescence [12] . Virescent flowers are considered to be a characteristic symptom of AY-infected plants. Because of these and other differences between the behavior of S. citri and AY agent in leafhoppers as well as in plants, the author [12] concluded that the classical aster yellows disease is caused not by a cultivable spiroplasma, but by a noncultivable MLO.
We have developed an alternative approach for isolation of MLOs from infected plants, so that the properties of these microbes could be determined. A procedure was developed to purify the organisms from plants infected with yellows diseases [19] . Use of the purified preparations enabled us to determine ultrastructural characteristics [20] and some biochemical properties of the organisms [21, 22] and to prepare a specific antiserum against the MLO found in AY-infected plants [23] .
When the AY antiserum was tested against S. citri, no reactivity was observed in deformation or metabolic inhibition tests [Whitcomb RF, Tully JG, Sinha RC: unpublished data]. Conversely, S. citri antiserum gave a negative reaction against the MLO from AY-infected plants in immunosorbent electron microscopy (IEM) tests [24] . Furthermore, only nonhelical organisms were observed on the electron microscope grids coated with AY antiserum and then treated with the clarified extracts from various plant species infected with AY (Fig. 8) . These results provide strong evidence against the claim that the AY agent is a variant of S. citri.
The reports of isolation of a spiroplasma from "AY-infected" plants prompted me to request B.C. Raju and G. Nyland at the University of California in Davis to cooperate in an attempt to culture the agent of clover phyllody disease. Although this disease can be distinguished from AY on the basis of symptomatology [2] , the MLOs present in plants affected with the two diseases are serologically indistinguishable [24] . Several batches of diseased aster plants were shipped from Ottawa to Davis. In spite of repeated attempts, only a few cultures (< 2 percent) showed some microbial growth. The cultured organism exhibited helical morphology (Fig.  3) and was serologically indistinguishable from S. citri. It showed no reactivity with our AY or clover phyllody antisera. Presumably, the culture of S. citri resulted from accidental contamination, which can easily occur in either the laboratory or the greenhouse even if normal precautions have been taken [16] . In order to determine if the cultured S. citri isolate could be transmitted to aster plants, leafhoppers (M. fascifrons) were injected with the cultures received (in liquid medium) from California. The injected leafhoppers were then tested singly on aster seedlings for their phyllody, failed to transmit S. citri after exposure to infected aster plants. We also examined, in an electron microscope, ultrathin sections of leaves of aster plants that had been inoculated by leafhoppers previously injected with cultured S. citri. Mostly crescent-shaped organisms (Fig. 4) , presumably tangential or transverse sections of helices, were observed, which were very different in appearance from the MLOs found in plants affected with aster yellows or clover phyllody diseases (Fig. 2). .ib. f t FIG. 8 . Detection of MLO in clarified extracts from AY-infected plants by immunosorbant electron microscopy, x 46,000. The antiserum used was prepared using purified preparations of MLO from AY-infected aster plants.
DISCUSSION AND CONCLUSIONS Maramorosch [18] attributed the success in culturing "aster yellows spiroplasma" largely to the choice of diseased lettuce plants as a source material. It was suggested that perhaps the higher concentration of the organism in lettuce, as compared to other host plants from which no spiroplasma could be isolated, and the absence of tannins or oxidizing substances were responsible for the successful isolation of the spiroplasma. Maramorosch [18] suggested that the spiroplasma isolated from AYinfected lettuce plants is a "strain" of S. citri, because the host range of AY closely parallels the experimental host range of S. citri. Several points, however, remain to be clarified. The host range of the "aster yellows spiroplasma" that was Recently, Kloepper and Garrot [14] reported that they were unable to culture spiroplasmas from lettuce and Plantago plants experimentally infected with three strains of AY. It was evident that their isolation method was effective, because helical organisms could be isolated and cultured from 89 percent of samples from Plantago infected with a spiroplasma. The authors concluded that their results negate the argument of Maramorosch [18] that lettuce plants must be used to isolate spiroplasmas and suggested that the MLOs found associated with AY-infected plants are noncultivable.
From the above discussion, it appears that evidence against the claim that the classical aster yellows is caused by a variant of S. citri comes from many sources. To summarize, these are: (i) S. citri could not be specifically transmitted by M. fascifrons-a well-established vector of the AY agent [12] , (ii) significant differences exist between the behavior of S. citri and the AY agent in leafhoppers as well as in plants [15] , (iii) helical organisms could not be found in AY-infected plants by SEM or IEM [13, 24] , and finally, perhaps the most important, (iv) S. citri is serologically unrelated to the MLO found in AY-infected plants [24] .
If one concludes from the results discussed herein that AY is not caused by a spiroplasma, and the current evidence strongly supports this conclusion, then how can the isolation of the spiroplasma from plants apparently showing AY symptoms be explained? Is it possible that the naturally infected lettuce plants, from which the spiroplasma was originally isolated [10] , were coinfected with S. citri and AY agent?
That mixed infection of plants with S. citri and MLO can occur has been demonstrated [25] . It is interesting to point out here that the results obtained during our initial attempts to culture the agent of clover phyllody also led us to consider the possibility that this disease is caused by a variant of S. citri. It was not known at the time that S. citri could also be transmitted by M. fascifrons-a vector of clover phyllody. Although it eventually became evident that the cultured spiroplasma was not the etiological agent of clover phyllody, extensive transmission, serological, and electron microscopic data were required to reach that conclusion.
